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Abstract 

This talk discusses basic aspects of forward production of jets in pp collisions at high energy, including i) issues on 
QCD factorization for hard processes at large rapidities, and ii) the role of forward jet measurements at the LHC to 
investigate contributions to parton showers from large-angle gluon radiation and from multiple parton interactions. 



1. Introduction 

Physics in the forward region at hadron colliders is tra- 
ditionally dominated by soft particle production. With 
the start of the LHC, forward physics turns into a largely 
new field lUl-lstl because, due to the phase space open- 
ing up at large center-of-mass energies, both soft and 
hard production processes become relevant and, thanks 
to the unprecedented reach in rapidity of the experimen- 
tal instrumentation, it becomes possible to carry out a 
program of jet physics in the forward region. Hard pro- 
cesses at forward rapidities enter the LHC physics pro- 
gram in an essential way both for QCD studies and for 
new particle searches, e.g. in vector boson fusion search 
channels for the Higgs boson 

Forward production of high px brings jet physics into 
a region characterized by multiple energy scales and 
asymmetric parton kinematics. It has long been rec- 
ognized that reliable theory predictions in this region 
require the resummation of high-energy QCD correc- 
tions For the LHC forward jet kinematics, QCD 
logarithmic corrections in the large rapidity interval (of 
high-energy type) and in the hard transverse momentum 
(of coUinear type) may both be quantitatively signifi- 
cant The theoretical framework to resum consis- 
tently both kinds of logarithmic corrections to all per- 
turbative orders is based on QCD high-energy factor- 
ization at fixed transverse momentum [8]. This factor- 
ization program is carried through in |9(] for forward jet 
hadroproduction. We discuss this briefly in Sec. 2. 

Besides these different types of radiative corrections 
to single parton scattering, the need for realistic Monte 
Carlo simulations of forward particle production also 
raises the question of whether non-negligible effects 
may come from multiple parton interactions d. Such 



multiple interactions are modeled in parton-shower 
event generators used to simulate final states at the 
LHC 111 ll4l4 L and form the subject of a number of cur- 
rent efforts 11 15142211 to construct approaches that incor- 
porate multiple parton scatterings. 

The capabilities of forward + central detectors at the 
LHC suggest the possibility to make a combined phe- 
nomenological study of multi -parton interactions versus 
higher-order radiative contributions to single-parton in- 
teraction by examining correlations of one forward and 
one central jet |23] in rapidity and azimuth (Fig.[T]). We 
show results on this in Sec. 3. 

Because forward jet production probes the gluon den- 
sity function for small x, it can naturally be used to in- 
vestigate possible nonlinear effects t24] at high parton 
density. The formulation ^ at fixed transverse mo- 
mentum is well-suited for describing the approach to 
the high-density region, as it is designed to take into ac- 
count both the effects from BFKL evolution associated 
with the increase in rapidity and also the effects from in- 
creasing Px described by renormalization group, which 
are found to be also quantitatively significant |25] for 
studies of parton saturation. See e.g. i26ll for first Monte 
Carlo calculations along these lines, and ll27ll for exten- 
sion to nucleus-nucleus collisions. 

Many of the theoretical issues that underlie forward 
jet physics, from perturbative QCD resummations to 
approaching the saturation region to parton-showering 
methods beyond leading order, depend on the notion of 
transverse momentum dependent, or unintegrated, par- 
ton distribution functions (u-pdfs). (See [28J for recent 
reviews on this topic.) In the calculations presented be- 
low we take the high-energy definition of u-pdfs f^, 
namely, we rely on the fact that for small x u-pdfs can 
be defined gauge-invariantly (and can be related to the 
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ordinary pdfs renormalized in the minimal subtraction 
scheme MS (l^) by going to the high-energy pole in 
physical amplitudes [8J. More general characteriza- 
tions, valid over the whole phase space, are desirable, 
and currently the subject of much activity. Recent re- 
sults in this area, see e.g. f30lJ36], are likely to eventu- 
ally have a bearing on forward jet physics. 
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where ® specifies a convolution in both longitudinal and 
transverse momenta, is the hard scattering cross sec- 
tion, calculable from a suitable off'-shell continuation of 
perturbative matrix elements |9], (pa/ a is the distribution 
of parton a in hadron A obtained from near-collinear 
shower evolution, and <pg-/B is the gluon unintegrated 
distribution in hadron B obtained from non-collinear, 
transverse momentum dependent shower evolution. 
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Figure 1 : (top) Jets in the forward and central detectors, and azimuthal 
plane segmentation; (bottom) particle and energy flow in the inter-jet 
and outside regions. 
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Figure 2: Factorized structure of the cross section. 



In the next section we discuss the high-energy factor- 
ized form of the forward jet cross section. In Sec. 3 we 
discuss applications to forward-central jet correlations. 
We give conclusions in Sec. 4. 



2. Forward jet hadroproduction cross sections 

The presence of multiple large-momentum scales 
in the LHC forward jet kinematics brings up the is- 
sue 12. Sill, 38] of whether fixed-order next-to-leading 
calculations reliably describe the production process or 
significant contributions arise beyond fixed order which 
call for perturbative QCD resummations. If realistic 
phenomenology of hadronic jet final states requires tak- 
ing into account at higher order both logarithmic cor- 
rections in the large rapidity interval (of BFKL type) 
and logarithmic corrections in the hard transverse mo- 
mentum (of collinear type), QCD factorization at fixed 
transverse momentum can be used to achieve this 

The kj-factorized form of the forward jet hadropro- 
duction cross section is represented in Fig. |2l Initial- 
state parton configurations contributing to forward jets 
are asymmetric, with the parton in the top subgraph be- 
ing probed near the mass shell and large x, while the par- 
ton in the bottom subgraph is off-shell and small-x. The 
jet cross section differential in the final-state transverse 
momentum Q, and azimuthal angle (f is given schemat- 



The multi-parton matrix elements computed in |]9[] 
factorize, in the high-energy limit, not only in the 
collinear emission region but also at finite angle. They 
can be used to take into account effects of coherence 
from multi-gluon emission away from small angles, 
which become important for correlations among jets 
across long separations in rapidity. We discuss this in 
the next section. 

Note that in the case of forward jet leptoproduc- 
tion 132] QCD factorization at fixed transverse momen- 
tum allows one to compute the high-energy asymp- 
totic coefficients for the coupling of forward jets to 
deeply inelastic scattering [8, 40]. Since the early phe- 
nomenological studies 114 If . forward jet leptoproduction 
has been investigated at Hera, and will play a major 
role at the proposed future lepton facilities ]42] (LHeC, 
EIC). Measurements of forward jet cross sections at 
Hera 1431 14411 have illustrated that neither fixed-order 
next-to-leading calculations nor standard shower Monte 
Carlo generators ll43l [45I1 . e.g. Pythia or Herwig, are 
able to describe forward jet ep data. (For related discus- 
sions of central jet leptoproduction see ||46ll .) Further 
analyses of ep data and physics at a future high-energy 
lepton collider ]43] therefore provide additional moti- 
vation for developing methods capable of describing jet 
production beyond the central rapidity region. 

The approach above can be combined with parton 
showering in order to achieve a fully exclusive descrip- 
tion of the final states associated to forward production. 



2 



To do this, since Eq. ([TJ involves off-shell matrix ele- 
ments encoding radiative effects beyond leading order, 
the basic point is that one needs a scheme for merging 
consistently the hard radiation from the short distance 
matrix element with the radiation from parton shower- 
ing. In Ii23i1 the high-energy factorization is used for this 
purpose. The other important point for the coupling to 
parton showers is that because in the forward kinematics 
one of the longitudinal momentum fractions x in the ini- 
tial state becomes small (see discussion around Fig.|2|i, 
in order to take full account of multi-gluon emission co- 
herence one needs to keep finite-kx terms in the initial- 
state parton branching. In the results shown in the next 
section this is done according to the shower algorithm 
of iH. (See iiSl for recent work on related meth- 
ods.) 

These features of the merging and showering distin- 
guish this approach from calculations in the BFKL pic- 
ture, see e.g. [5 1 ] at the next-to-leading order, in which 
the parton branching is taken to be collinear. In the pic- 
ture of Eq. ([TJ forward jets may be produced either from 
the hard scatter subprocess or from the parton evolution 
subprocess. This differs from purely collinear fss"] or 
BFKL [5 LI approaches in which forward jets are pro- 
duced by hard matrix elements or impact factors. 

3. Forward-central jet correlations at the LHC 

At the LHC it is possible to measure events where jet 
transverse momenta px > 20 GeV are produced several 
units of rapidity apart. A// ~ 3 6 111 |2[] . Such multi- 
jet states can be relevant to new particle discovery pro- 
cesses as well as new aspects of standard model physics. 
Ref. 11231] investigates correlations between forward and 
central jets, in the framework discussed in the previ- 
ous section, examining the effects of finite-angle gluon 
emission across the large rapidity interval. It compares 
these with effects of the multi-parton interaction correc- 
tions taken into account by jl 111 . 

The measurement of the azimuthal correlation of a 
central and forward jet (Fig.[T]) provides a useful probe 
of how well QCD multiple emissions are described. 
In II23II it is found that while the average of the azimuthal 
separation A0 between the jets is not affected very much 
as a function of rapidity by finite-angle gluon emissions, 
the detailed shape of the A(^ distribution is. 

The cross section as a function of the azimuthal 
separation Aip between central and forward jets recon- 
structed with the Siscone algorithm ||52[| {R - 0.4) is 
shown in Fig|3] f^S*] for different rapidity separations. 
The solid blue curve is the prediction based on imple- 
menting the factorization ||91] of Eq. ([T]i in the parton- 



shower event generator |47] (Cascade); the red and pur- 
ple curves are the predictions based on calculations with 
collinear parton-showering [11,1 (Pythia), respectively 
including multiple interactions and without multiple in- 
teractions. 





Figure 3: Cross section versus azimutlial separation Ai^ between 
central and forward jet, at different rapidity separations Ai;, for jets 
with transverse energy Ej > \0 GeV (top) and Ej > 30 GeV (bot- 
tom) I23J. 



The decorrelation as a function of Arj increases in 
Cascade as well as in Pythia. In the low Ej region 
(Fig. [3] (top)) the increase in decorrelation with increas- 
ing At] is significant. The cross section for jet separation 
up to A// < 4 is similar between Cascade and Pythia 
with multiparton interactions, whereas a clear differ- 
ence is seen to Pythia without multiparton interactions. 
However, at large Arj > 4 the decorrelation predicted by 
Cascade is significantly larger than the prediction from 
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multiparton interactions. In the higher Ej region (Fig. [3] 
(bottom)) Cascade predicts everywhere a larger decor- 
relation. In this region the influence of multiparton in- 
teractions in Pythia is small and the diff'erence to Cas- 
cade comes entirely from the different parton shower. 




1 2 3 4 5 6 7 




Figure4: AR distribution of the central (|;7rl < 2, left) and forward jets 
( 3 < \r]f \ < 5, right) for Et > 10 GeV (upper row) and Ej >30 GeV 
(lower row) |23]. 

Distinctive effects from the high-energy, noncoUinear 
corrections to parton showers are also observed 
(Fig. g] Q) in the = y[A^^^T^rf- distribution, 
where = cpjet - (ppart (A77 = Tjje, - Tjpar,) is the az- 
imuthal (rapidity) difference between the jet and the cor- 
responding parton from the matrix element. This distri- 
bution probes to what extent jets are dominated by hard 
partons in the matrix element or receive significant con- 
tributions from the showering. The large-AR region is 
seen to be enhanced by noncollinear corrections, and 
while this signal can be mimicked by multi-parton in- 
teractions for low Et jets, this no longer applies as Ej 
increases. 



4. Conclusion 

Jet physics in the forward region at hadron-hadron col- 
liders is a largely new area of experimental and theoret- 
ical activity, and enters the LHC program in both new 
particle discoveryprocesses (see e.g. vector boson fu- 
sion channels [4, 5] for Higgs boson searches) and new 
aspects of standard model physics (e.g., QCD at small x 
and its interplay with cosmic ray physics, see iSHstl)- In 



this kinematic region the evaluation of QCD theoretical 
predictions is made complex due to the presence of mul- 
tiple mass scales, and the question arises of whether per- 
turbative QCD resummations and/or corrections from 
multiple parton interactions are called for in order to go 
beyond the case of central jets [54. ,551. 

The factorization allows one to sum consistently 
to all perturbative orders both large logarithms of ra- 
pidity and large logarithms of transverse momentum. 
Based on this analysis, contributions to the QCD parton 
cascades from finite-angle multi-gluon emission | 23ll 
over wide rapidity intervals are found to affect signifi- 
cantly the predictions for forward jets. 

Distinctive effects are seen in particular by consider- 
ing correlations between forward and central jets Ii23ll . 
e.g. azimuthal correlations. Phenomenological studies 
based on measurements of these correlations will be rel- 
evant for tests of initial state radiation and for the QCD 
tuning of Monte Carlo event generators. (For the coun- 
terpart of this in the case of central jet pairs see the first 
LHC measurements 1,54, ,55.1.) They can also be relevant 
to gain better control on the structure of the final states 
associated with heavy particle production (e.g., under- 
lying jet activity in scalar boson production 15611 1 

This analysis can be extended to the case of forward 
and backward jets. It can thus serve to estimate the size 
of backgrounds from QCD radiation in Higgs searches 
from vector boson fusion 10, 

Studies of forward high-px production, such as those 
discussed in this article, will be complemented at later 
stages of the LHC program by studies in other areas 
of forward physics employing near-beam proton tag- 
gers fl57ll . Both the high-px and proton-tagging mea- 
surements can contribute to either standard-candle or 
discovery physics. In addition, both will provide inputs 
on (hard and soft) forward particle production that will 
serve for the modeling of high-energy air showers jssll 
in cosmic ray experiments. 
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